fluoroscopy. Whenever blocking of the contrast agent is visualized (that is, when the dye accumulates and fails to reach a lower level [consistent with severe stenosis]), the patient is asked to squat for several minutes, which usually allows the contrast agent to disperse to the lower trajectory.
Thin-section axial computerized tomography and magnetic resonance imaging were performed only in a minority of cases. These modalities do not yet allow for dynamic investigations, which are indispensable in these patients.
Surgical Procedure
The surgical procedure is performed after induction of general anesthesia and with the use of loupe magnification. Prophylactic antibiotic agents are not given; subcutaneous heparin is routinely administered. Because of the patient's disproportionate short stature and the impeded flexion of the hip joints, in more than half of the procedures it is impossible to perform surgery in the achondroplastic patient in the preferred knee-elbow position. In
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Lumbar stenosis in achondroplasia 293 these instances the patient undergoes surgery while in the jack-knife position, with the body placed prone, and the torso resting on a specially designed pillow. The shape of this pillow is such that abdominal pressure is avoided to prevent epidural venous congestion. A midline skin incision is made in the upper lumbar region. Following transection of the posterior fascia, at one side including the interspinous ligament, the paravertebral muscles are subperiostally separated from the arches. The remnant of the interspinous ligament is removed, including the caudal portion of the upper spinous process. Using a high-speed 3-mm cutting drill, the caudal margin of the upper vertebral lamina is removed, leaving the ligamentum flavum as a protector of the dura in situ (Fig. 1  left) . The medial part of the inferior articular process is bilaterally reduced using a 1-mm cutting drill until a depth of 8 mm is reached ( Fig. 1 upper and lower right) . This procedure is proceeded rostrally by undercutting the upper lamen. After incision at the midline and removal of the ligamentum flavum, a 2-mm Kerrison punch to undercut the facet joint amply widens the nearly obliterated lateral recesses. Finally, the nerve root pathway is decompressed up to the pedicle zone (Fig. 2) . No laminectomy is performed (Fig. 3) . If indicated, the interapophyseolaminar decompression is performed at adjacent levels.
Follow-Up Examination
Without exception, the pre-and postoperative evaluations were performed by the senior author (R.T.). In cases in which a neurogenic intermittent claudication should occur, the result of the surgical procedure was measured by the degree of patient-reported satisfaction, mainly related to the gain in walking distance. In cases of paresis, strength was pre-and postoperatively graded using the MRC scale.
Postoperative clinical outcome, summarized in Table 1 , was also graded. "No improvement" indicated the same or increased signs and symptoms compared with before surgery. "Improved" indicated that the patient was able to walk a greater distance or, in case of paresis, that there is at least one grade improvement in the MRC scale. "Cured" indicated normalization of the walking distance or resolution of the paresis.
In cases in which the patient required multiple surgeries, only the final result was considered in the analysis.
Results
All 36 patients with achondroplastic dwarfism underwent the aforementioned interapophyseolaminar decom-pressive procedure. The majority of patients presented with neurogenic intermittent claudication; seven patients presented with paraparesis. One case of partial cauda equina syndrome was demonstrated in one of three patients with a perforated disc. The duration of clinical symptoms ranged from 2 to 336 months. The straight leg-raising test was negative in all patients. Coincident signs and symptoms of medullary compression were found in six cases (16.7%).
All surgeries were performed by the senior author (R.T.). Frequently, the surgical procedure was conducted at more than one level to effect complete relief of symptoms; in 54 surgeries, 92 decompressive procedures were performed. Fourteen patients underwent more than one surgery.
The L2-3 level was decompressed in all but one patient (97%). Both the L1-2 and the L3-4 levels were decompressed in 58% and 61% of patients, respectively. In all cases fat, indicating the absence of a midline stenosis, was found in the midline epidural space.
In the follow-up period, which ranged from 1 to 25 years, 25 patients eventually experienced full and sustained relief of the clinical symptoms; eight patients reported significant reduction of symptoms. No improvement was shown in two cases, one of which (a recent case) is scheduled for additional surgery; the second patient experienced definite worsening after a complicating epidural hematoma occurred, and he now walks with crutches and has diminished bladder control. One patient was lost to follow up shortly after the surgical procedure.
The lumbar epidural hematoma occurred after a 24-hour interval, probably the result of a relative overdose of subcutaneous heparin. Hence, the routine administration of a half-dose subcutaneous heparin was introduced. No other complications were noted. No patient suffered from intervention-related chronic low-back pain.
Discussion
The incidence of achondroplasia is approximately one in 26,000 live-born infants. 8 More than 80% of the cases are sporadic and result from spontaneous mutations. Genetic researchers have found two point mutations on chromosome 4p, encoding for fibroblast growth factor receptor Type 3. 4 Defects in cellular metabolism, and a reduced concentration of the mitochondrial cytochromes, have been demonstrated in rabbit and in human achondroplasia. 5, 6 The genetic mutations almost exclusively arise on the paternally derived allele, which supports the longstanding recognition of an association with advanced paternal age. 13 Once affected, the achondroplastic genome is transmitted in an autosomal-dominant trait with full penetrance and consistent expression. Because homozygous individuals are likely to die in early infancy, heterozygous achondroplasia represents the vast majority of cases. 7 Nevertheless, a decreased life expectancy has been reported in cases of the heterozygous form as well. 2 Given that the clinical syndrome of acquired lumbar spinal canal stenosis in a healthy population is usually an attendant burden of old age, the relatively young mean patient age of 38 years in the present study (the youngest being 10 years of age), can be fully explained by the primary nature of the stenosis. The delay between the onset of complaints and the surgery varied from 2 months to 28 years. Thanks to the Dutch Association for the Promotion of Interests of the Little People, the interapophyseolaminar decompressive procedure-with its satisfying results-has become popular among affected individuals, and its members are encouraged to seek intervention in an earlier phase of the disease.
In "Fate of the achondroplastic dwarf," Vogl 12 described the condition as a result of the discrepancy between the anatomical dimensions of the spinal canal and its neural content.
The histopathology is determined by the retardation of cartilaginous growth and by irregular intracartilaginous bone formation, which affects the entire skeleton of cartilaginous origin. 11 Shortened pedicles in combination with hypertrophied zygapophyseal joints and thickened laminae cause the spinal canal in the achondroplastic individual to become significantly narrowed in all its dimensions, except at the level of the lamina, where the lack of space is compensated by the pseudoscalloping of the VB. The disproportionate vertebrae are thought to be the result of the premature fusion of the chondrification centers of the VB with those of the arches during the embryological development, resulting in a constricting osseous tube that tightly encloses the spinal cord and cauda equina. The captured neural structures, on the contrary, have normal dimensions, so that any additional encroachment on the lumen is bound to have a mechanical effect on its contents. Although clinical signs and symptoms may be caused by lesions at any level of the spine, the upper lumbar region is most frequently involved as a result of the greatest discrepancy in diameter of the osseous canal and the neural structures. This is illustrated in the schematic drawing in Fig. 4 . It can further be assumed that a herniated disc, regardless the level of occurrence, is bound to result in a dramatic decrease of the intraspinal lumen, resulting in grave neurological deficits.
Without proper treatment a notable percentage of patients with achondroplasia are destined to be wheelchair bound. The results of laminectomy for symptomatic lumbar stenosis in achondroplasia, however, are known to be far from satisfactory. With the altered anatomical relations in achondroplasia, these results can easily be explained: the encroachment of the neural structures does not occur at the level of the lamina, where the pseudoscalloping of the VBs compensates for the short pedicles. Therefore, a straightforward lumbar laminectomy in which the surgeon does not widen the interapophyseolaminar diameter is not likely to be curative.
Both clinically and radiologically the precise level of the lumbar spine causing the symptoms is not easy to determine. Conventional lumbar myelography and magnetic resonance imaging as a rule display a multiple-level lumbar stenosis, resembling a pearl chain or a rosary. Because signs and symptoms attributable to spinal stenosis only develop secondarily, it is very unlikely that all radiologically involved levels have become symptomatic at the same time. Therefore, in our patients, dynamic lumbar myelography proved mandatory to determine and select the level(s) to be decompressed. Using this imaging modality, we avoided performing extended surgical procedures that easily weaken the biomechanically disfavored achondroplastic spine. At the tightest levels the appearance of a redundant nerve root may be encountered. This phenomenon, originally recognized in cases of nonachondroplastic lumbar stenosis, must not be mistaken for an arteriovenous malformation. Intradural inspection would leave a massive protrusion of nerve roots, impairing dural closure.
In all but one patient (97%) in our series the L2-3 segment was included in the surgical decompression. Because additional levels were decompressed in approximately 60% of the patients, however, it is difficult to determine from the present data the number of patients for whom surgical decompression restricted to solely the L2-3 level would have been sufficient. It is our strong impression that this may have been so for at least half of the patients. In the remainder of cases, the decompression of additional levels was indicated.
Apart from the intended medial reduction of the facet joints, the anatomical continuity of the zygapophyseal processes was maintained in the entire series. This may play an important role in the prevention of chronic lowback pain, as two patients presented, after undergoing surgery in another neurosurgical center, with disabling lowback pain which appeared to be associated with an angular scoliosis at the level of a surgically removed inferior articular process.
Conclusions
Microsurgical interapophyseolaminar decompression is an effective and safe neurosurgical procedure for the treatment of symptomatic spinal stenosis in patients with achondroplastic dwarfism.
High success rates have been achieved using this technique in the upper lumbar segments, particularly at L2-3, because it addresses the altered anatomical dimensions in achondroplasia. Dynamic lumbar myelography proved mandatory in demonstrating the symptomatic level.
